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Transmitter 

Background and Summary of the Invention 

5 The present invention relates to a transmitter. 

In many branches of industry, products are stored in vessels, for example in 
tanks or containers. Suppliers supply the product to the vessel and users obtain 
it from the vessel. Since industrial products can be very expensive complex 
10 inventory systems are used to account for in and out going product. 

A product received from a supplier may be valued in volume (i.e. liters or 
gallons) when delivered and valued as a weight (i.e. kilograms or pounds) as 
plant inventory. The reconciliation of incoming product value and storage 

15 value can result in financial losses if not properly managed. As bulk supply 
chains become more collaborative, product within a given vessel may have 
more than one owner. Tracking product inventory accurately becomes more 
important. Suppliers and users do not always have the appropriate volumetric 
or mass flow measurement devices on site to account for usage. If platform 

20 scales are not available at the delivery site to weigh an incoming bulk liquid 
delivery truck, valuation of the delivered bulk liquids given by the supplier is 
assumed to be correct by the user. If a custody transfer station is not available 
at the delivery site, a valuation of the delivered bulk liquids given by the supplier 
is assumed to be correct by the user. 

25 

At present individual measurement devices are used to get information on 
inventory of products in a tank. 

Pressure measurement devices mounted on a sidewall of the vessel or on a 
30 cable or rod extending into the vessel determine hydrostatic pressure exerted 
on the device by the product above it. Algorithms are used to convert this 
hydrostatic pressure into level or volume values. Level or volume values are not 
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fully corrected for density or temperature changes. Temperature measurement 
devices mounted on a sidewall of the vessel or inside the vessel on a cable or 
rod are used to determine the temperature of the liquid. Algorithms are used to 
correct the level or volume information for temperature variation. This requires 
5 another opening in the tank to accomplish. 

Devices mounted on a sidewall of the vessel can be subject to wider 
temperature differences between product and ambient temperatures. In 
addition externally mounted pressure sensors are subject to tank wall 
10 movements, when the tank bulges out when filled, that can introduce significant 
errors. 

A position of a surface of the product within the vessel can be determined with 
top mounted electronic measuring devices using capacitance, ultrasonic, radar, 
15 laser technologies. Algorithms are used to convert the position of the liquid into 
inventory level or volume information. Again, these values are not fully 
corrected for density or temperature changes. Often an additional pressure 
transmitter is used to calculate mass or density corrected volume. These hybrid 
solutions require multiple tank openings to accomplish. 

20 

Determination of the mass or weight of a liquid in a pressurized tank may 
require the addition of another pressure sensing device to account for a head 
pressure inside the tank above the product. 

25 Determination of the density of the product is required by some algorithms to 
calculate corrected volume or level. In order to determine the density an 
additional pressure sensing device is mounted some known distance above the 
hydrostatic pressure measurement device. Density is then determined based 
on the distance between the two devices and the difference in pressure at their 

30 respective locations. 
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Another method to determine product inventory within a tank is to use 
mechanical floats or displacers mounted on a cable or rod inside the tank. The 
position of these floats is used to determine the level of the liquid. 
Magnetostrictive, resistance or cable tension sensing technologies are used to 
5 determine the position of the float. An additional displacer may be used to 
detect the density of the liquid at some point below the level measurement. 
Mechanical floats and displacers often require significant maintenance and are 
subject to material buildup errors. They often require physical entry into a tank 
to repair. 

10 

Load cell and strain gauge sensors are used to determine the weight of product 
in a tank. It is not always possible to install such sensors due to technical 
limitations and high installation cost. 

15 More recently time of flight radar techniques have been used to determine the 
position of the surface of a product in a tank. Corresponding level measurement 
devices comprise a conductive probe that extends into the vessel. Microwave 
energy pulses are transmitted via a coupling, for example a launch plate down 
the probe. Some energy is reflected by the surface and returned back up the 

20 probe. A transit time from launch pulse launch to return can be used to 
calculate the position of the product surface. 

Current practice is to use current loops to convey each individual measurement 
value from each measurement device to a programmable logical controller 
25 (PLC), a distributed control system (DCS) or other calculation device to perform 
the algorithms required to scale, compensate and correct the inventory 
information. Each measurement transmitter, its installation and wiring, adds 
cost. 

30 If wireless technology is employed continuous power consumption from each 
transmitter can be over 0.5 watts. 
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Often process control measurement transmitters are employed in inventory 
measurement applications. The update times for each transmitter often exceed 
one second increasing power consumption for each device used. Inventory 
applications generally need to provide periodic, timed or event based 
5 information. 

In the petroleum industry additional requirements need to be fulfilled. The 
American Petroleum Institute (API) defines the practice of measuring petroleum 
products in terms of corrected volume. The liquid position and liquid 
10 temperature at one or more points is used to calculate the inventory volume at 
a reference temperature using well known algorithms. Direct mass or weight 
measurement approaches are not generally used. There is increasing interest 
in using mass and/or weight determined values of petroleum products however, 
the current practices do not broadly support development of this information. 

15 

Floats and displacer gauging systems use mechanically moving components 
and sensors to measure level, temperature and density of products. 

Radar gauges often combined with externally mounted temperature sensors 
20 are used to determine corrected level and volume. 

Hydrostatic tank gauging systems use up to three externally mounted pressure 
transmitters, a temperature transmitter and a calculation box to calculate mass 
and sometimes density. 

25 

Hybrid systems use a top mounted radar gauge to determine level and 
externally mounted temperature transmitters and sometimes externally 
mounted pressure transmitters. A calculation box is installed to calculate mass, 
corrected volume and sometimes density. 

30 

Various digital buses generally of a proprietary design are used to convey the 
level, temperature and sometimes pressure information to the calculation box 
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for volume correction and then to an inventory reporting and/or management 
system. Various types of converter boxes are used to transform one digital 
protocol into another at some significant expense when replacement of 
measurement technologies and/or suppliers are integrated into existing 
5 installations. 

It is an object of the invention to provide a transmitter for providing inventory or 
inventory transfer information on industrial sites. 

10 To this end the invention comprises a sensor apparatus for measurement of 

mass, weight, volume, level and/or density of a product in a vessel comprising: 

- a level sensor, comprising: 

» a conductive probe extending into the vessel, 
» means for generating and sending short 
15 electromagnetic pulses down the probe, 

- means for reception of echoes of the pulses 
reflected at a surface of the product, 

- means for determining a time of flight needed for a 
pulse to travel down the probe and its echo to return, 

20 - a pressure sensor, 

- mounted on the probe, and 

- a signal processing unit for determining mass, weight, 
volume, level and/or density based on measurement 
signals supplied by the level sensor and the 

25 pressure sensor. 

According to a preferred embodiment, the transmitter comprises at least one 
temperature sensor, integrated in the probe. 

30 According to a preferred embodiment, the transmitter comprises a 

communication interface for reception and/or delivery of information to a user, a 
supplier and/or a control unit. 
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According to a preferred embodiment, the transmitter comprises a totalizer, for 
totalizing supplies or withdrawals of the product. 

According to a preferred embodiment, the transmitter comprises a monitor, for 
monitoring unauthorized supply or withdrawal of product and leakage. 

According to a preferred embodiment, the transmitter comprises a device for 
determining a physical position of the transmitter. 

According to a preferred embodiment, the transmitter comprises an integral 
server for supporting communication with at least one Information Technology 
Network. 

The transmitter according to the invention provides multiple inventory 
information variables from one measurement device. Compensation and 
correction of any of these output values can be performed by the transmitter 
itsself. The need for external programmable logical controllers (PLC), 
distributed control systems (DCS) or other calculation boxes to provide correct 
inventory information is eliminated. Pressure and temperature sensors are 
incorporated on the same probe used for time domain reflectometry. 

The sensors are mounted internal to the vessel so they will generally be at the 
same temperature as the product. 

The transmitter is able to provide level, weight, volume and/or density inventory 
information over time to inventory logistics operations that use this information 
to determine if a product delivery is required or that there is room to receive a 
delivery. The transmitter can simultaneously provide the information to both 
suppliers and users. 

The invention and its advantages are explained in more detail using the figures 
of the drawing, in which one 
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exemplary embodiment is shown. The same reference numerals refer to the 
same elements throughout the figures. 

Brief Description of the Drawings 

5 

Fig. 1 shows a transmitter according to the 
invention; and 

Fig. 2 shows the probe of the transmitter in 
10 Fig. 1, a pressure compensation port 

and temperature sensors. 

Detailed Description of the Drawings 

15 Fig. 1 shows a transmitter according to the invention for measurement of mass, 
weight, volume, level and/or density of a product 1 in a vessel 3. The 
transmitter comprises a level sensor 5 and a pressure sensor 7. 

The level sensor 5 is mounted on an opening located on top of the vessel 3. It 
20 comprises a conductive probe 9 that extends into the vessel 3. The probe 9 can 
for example be a rod or a cable extending into the vessel 3. 

The level sensor 5 comprises means 11, 13 for generating and sending short 
electromagnetic pulses S down the probe 9, means for reception 1 5 of an echo 
25 E of the pulse reflected at a surface of the product 1 and means 17 for 

determining a time of flight needed for a pulse S to travel down the probe 9 and 
its echo E to return. 

The means 11, 13 for generating and sending short electromagnetic pulses 
30 down the probe 9 comprise an internal clock 19 and a pulse generator 21 . The 
internal clock 19 generates a pulse emission rate and supplies it to the pulse 
generator 21 . Recent developments by the National Laboratory System now 
make it possible to generate fast, low power pulses, and time their return with 
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very inexpensive circuits. See, for example, U.S. Patent No. 5,345,471 and 
U.S. Patent No. 5,361 ,070 assigned to The Regent of the University of 
California. The pulses generated by this new technology are broadband, and 
are not square wave pulses. In addition, the generated pulses have a very low 
5 power level. Such pulses are at a frequency of 100 MHz or higher and have an 
average power level of about 1 nano Watt or lower. Typical emission rates are 
for example several MHz. 

The pulses S are supplied to the probe 9 via a coupling 23. They propagate 
10 down the probe 9, are reflected at the product surface and return to the 

coupling 23. From there they are supplied to the means 15 for reception of the 
echo E comprising a directional coupler 25 and a high pass-filter 27. 

The filtered signal is supplied to the means 17 for determining the time of flight 
15 of the pulses. 

These means 17 comprise a delay line 29. The delay line is connected to the 
clock 19 and produces a sampling rate that is equal to the pulse emission rate 
produced by the clock 19 delayed by a variable delay time. 

20 

The variable delay time varies for example according to a saw tooth function. 
The sampling rate is supplied to a sampling pulse generator 31, which in turn 
generates sampling pulses and provides them to a first input of a sample and 
hold circuit 33. Preferably sampling pulse generator 31 and pulse generator 21 
25 are identical. 

The filtered signals obtained by the means 15 for reception are supplied to a 
second input of the sample and hold circuit 33. 

30 In operation short pulses S are sent periodically according to the pulse 

emission rate and their echo signals are supplied to the sample and hold circuit 
33. The sample and hold circuit 33 superimposes a sampling pulse on every 
echo signal and the resulting signal is supplied to an amplifier 35. The amplified 
signal is digitalized by an analog to digital converter 37 connected in series to 

35 the amplifier 35. A digital output of the analog to digital converter 37 is supplied 
to a microprocessor 39. 
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The resulting signal is a measure for a correlation between the echo signal and 
the sampling pulse. Echo signals arrive periodically. They differ from the 
sampling pulses by the delay time, which increases according to the saw tooth 
function. 

Assuming that consecutive echo signals are nearly identical, the sample and 
hold circuit 33 provides a stroboscopic recording of the echo signals. This 
assumption is generally correct, because the level inside the vessel essentially 
does not change between to consecutive pulses. 

The microprocessor 39 is linked to the clock 19 and the sampling rate generator 
29. 

The microprocessor 39 regularly starts measurement cycles. During each 
measurement cycle, pulses S are generated and send periodically and their 
echoes E are received and corresponding echo signals are sampled as 
described above. A measurement cycle ends, when all delay times according to 
the saw tooth function were applied. The sampling values provided by the 
analog to digital converter 37 and the corresponding delay times are recorded. 
The sampling values as a function of the delay time show a distinct maximum 
at a delay time that is equal to the time of flight needed for the pulse to travel 
down the probe 9 and for its echo signal to return. This time of flight t is 
determined by the microprocessor 39. 

The time of flight thus determined is proportional to the distance D between the 
coupling 23 and the surface of the product 1 . Given a velocity v of propagation 
of the pulse along the probe and a distance H between the coupling 23 and a 
bottom of the vessel 3, the level L equals: 

L = H - 1 / 2 (v t). 

The pressure sensor 7 is mounted on the probe 9. Preferably, it is mounted on 
or near an end of the probe 9 near the bottom of the vessel 3. Sensor wiring 
can be run externally alongside the probe 9, incorporated under a protective 
shield surrounding the probe 9 or integrated inside the probe 9. The pressure 
sensor 7, for example a compact hydrostatic pressure sensor, produces an 
output proportional to a pressure p at its position near the bottom of the vessel 
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3. Hydrostatic pressure sensors generally consist of a membrane, which is 
mechanically or hydraulically connected to a transducer element, which can be 
based on inductive, capacitive, strain gauge or semiconductor principles. The 
pressure p is produced by a column of liquid of a height HL above the pressure 
5 sensor 7. 

The pressure p depends on the height HL according to the following formula: 
p = p g HL 

10 

wherein p is an average density of the product 
g is an acceleration due to gravity, and 
HL is the height of the column. 

15 Preferably, a signal-pre-processing and amplification unit is incorporated inside 
the pressure sensor 7 inside the vessel 3. Its output is provided to an electronic 
circuitry 41 for further processing. 

In vessels 3 open to atmosphere, the surface of the product 1 is exposed to 
20 atmospheric pressure. Most pressure sensors 7 compensate for atmospheric 

pressure, such that the pressure p measured is equal to the difference between 
an absolute pressure at the location of the pressure sensor 7 and atmospheric 
pressure. For compensation purposes, a pressure compensation port 43 can 
be foreseen. The pressure compensation port 43 is connected to a sensing 
25 element of the pressure sensor 7. It is located above the level of the product 1 . 
Preferably, it is integrated in the probe 9 near a top of the vessel 3. 

If the pressure inside the vessel 3 above the product 1 is greater than 
atmospheric pressure, an additional pressure sensor needs to be installed to 
30 measure a head pressure acting on the surface. In this case, the pressure 
acting on the surface is subtracted from the total pressure, leaving only the 
pressure p due to the column of the liquid in the vessel 3 above the pressure 
sensor 7. 

35 The transmitter comprises a signal-processing unit 45 for determining mass M, 
weight W, volume V, level L and/or density p based on measurement signals 
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supplied by the level sensor 5 and the pressure sensor 7. The supplied 
measurement signals are the pressure p and the time of flight t. 

Given the pressure p and the time of flight t, mass M, weight W, volume V, level 
L and density p are calculated according to the following formulas: 

Level L: 

L = H - 1 / 2 (v t) wherein 

H is the distance between the 
coupling 23 and a bottom of the 
vessel 3, 

v is the velocity of propagation of the 

pulse, and 
t is the time of flight of the pulse. 

Average density p: 

P = p/(9 HL) 

p/(g (L - Hd)) wherein 

p is the pressure, 

g is the acceleration due to gravity, 

L is the level, and 

Hd is a distance Hd between the 

pressure sensor 7 and the bottom of 

the vessel 3. 

Mass M: 

M = p AL 
= p A L/(g(L-Hd)) wherein 

p is the pressure of the column, 

A is a crossectional area of vessel 3, 

L is the level, 

g is the acceleration due to gravity, 

L is the level, and 

Hd is a distance Hd between the 
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pressure sensor 7 and the bottom of 
the vessel 3. 

Weight W: 

W = g M 
= p A L/(L-Hd) wherein 

p is the pressure of the column, 

A is a crossectional area of vessel 3, 

L is the level, 

g is the acceleration due to gravity, 

L is the level, and 

Hd is a distance Hd between the 

pressure sensor 7 and the bottom of 

the vessel 3. 

Volume V: 

V = A L wherein 

A is a crossectional area of vessel 3, and 
L is the level. 

The signal-processing unit 45 is connected to the microprocessor 39 of the 
level sensor 5 and to the electronic circuitry 41 of the pressure sensor 7. It 
comprises one or more memories 47 for storing data related to the vessel 3 
and/or the transmitter, software and/or measurement data. 

In the embodiment shown, the pressure p and the time of flight t are supplied to 
the signal-processing unit 45 and it calculates mass M, weight W, volume V, 
level L and/or density p based on the pressure p, the time of flight t and the 
information stored in the memories. Alternatively, some of these calculations 
can be performed by the microprocessor 39 or the electronic circuitry 41 . 
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In order to allow for temperature compensation, the sensor apparatus can 
comprise at least one temperature sensor 49. The temperature sensors 49 are 
integrated in the probe 9, as shown in Fig. 2, and supply temperature 
information to the signal processing unit 43. The temperature information can 

5 be supplied to the means 17 for determining the time of flight and to the 

electronic circuitry 41 to allow temperature compensation of the pressure p and 
the time of flight t to be measured. Alternatively, temperature compensation of 
the pressure p and the time of flight t, as well as temperature compensation of 
mass M, weight W, volume V, level L and density p can be performed by the 

10 signal-processing unit 45. 

Preferably, the transmitter comprises a communication interface 51 for 
reception and/or delivery of information to or from a user, a supplier and/or a 
control unit 52. 

15 

In addition, the transmitter comprises a totalizer 53, for totalizing supplies 
and/or withdrawals of the product. 

In the embodiment shown, the totalizer 53 is part of the signal-processing unit 
45. The totalizer 53 tracks and stores every supply and withdrawal of product. 
20 The information gathered and stored by the totalizer is accessible via the 

communication interface 51. This allows inventory information to be obtained at 
any time. The transmitter provides this information in terms of mass M and/or 
volume V. Suppliers and users are therefore free to use whichever physical unit 
they prefer. 

25 Supply and/or withdrawal information can be provided to billing and 

consignment operations to determine product usage out of the vessel 3 and 
product introduction into the vessel 3. This can for example be used to monitor 
mass transfer in a standalone tank with appropriate fill and withdrawal 
procedures. Reconciliation algorithms can be employed to reconcile the 

30 movement of incoming and outgoing product. 
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Information from the totalizer 53 can be combined with information received 
from or delivered to sources outside via the communications interface 51 . The 
accuracy can be sufficient to use in place of input and output flow meters 
especially if part of a consigned bill-when-used contract program and/or when it 
5 is difficult or expensive to properly install and operate pipe-mounted flow 
meters. 

Further, the transmitter comprises a monitor 55, for monitoring unauthorized 
supply or withdrawal of product and leakage. In the embodiment shown, the 

10 monitor 55 is part of the signal-processing unit 45. The monitor 55 surveys the 
inventory information and compares it with information on authorized supplies 
and/or withdrawals, which can be supplied via the communication interface 51 . 
Monitoring can for example be performed by delivering mass information to 
statistical reconciliation algorithms. Preferably, this is done during quiescent 

15 periods. Whenever the product content of the vessels 3 changes without any 
authorization information being supplied to the monitor 55, the monitor 55 will 
issue a warning or an alarm. 

The transmitter can be equipped with open fieldbus communication means, 
20 such as bus powered HART, Profibus, Foundation Fieldbus or Power over 

Ethernet (PoE) TCP/IP to report information and support remote servicing and 
asset management. Alternatively, means for wireless communication can be 
foreseen. Hard wiring of equipment is one of the significant costs of inventory 
measurement instrumentation. Instead of multiple level, pressure, temperature 
25 devices mounted individually on each vessel each with its own transceiver, the 
transmitter according to the invention requires only one opening and one 
transceiver. This reduces wiring and mounting costs. 

In addition, the transmitter requires only one single power supply. The power 
30 needed by the level sensor 5, the pressure sensor 7 and the temperature 
sensors 49 to produce the information required is distributed within the 
transmitter. This allows to optimize power usage when required. Each sensor 
can be powered as needed to provide required information and optimize power 
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usage. For example, during fill activities sample times can be increased when 
inventory changes are greater than a defined rate. During quiescent times 
sample times and times during which sensors are powered can be reduced. 
Inventory reporting can be on a periodic and/or exception basis. Battery, solar 
array, or fuel cell sources can be used making self powered wireless operation 
feasible. 

In application, where the transmitter shall be mounted on a mobile vessel 3, or 
can be located in various different areas of an industrial site, the tranmitter is 
preferably equipped with a device 54 for determining a physical position of the 
transmitter, for example a global positioning system (GPS). The device 54 can 
for example be linked to the signal processing unit 45, so that information about 
the physical position of the transmitter is accessable together with the 
measurement data. 

Existing proprietary buses used within the petroleum industry such as 
Markspace, TIWAY and others can be used within the invention to eliminate 
external calculation devices. 

In addition an integral server 56 can be provided within the transmitter, 
for supporting communication with at least one Information Technology 
Network 58. 

The use of self-powered wireless network technologies allows one to add 
w i re |ess multivariable measurement versions of the transmitter apparatus 
according to the invention one at a time to a tank farm parallel to an existing 
legacy proprietary bus. The legacy bus can be phased out when its installed 
base is displaced. Fuel cell, battery or solar power and TCP/IP wireless or 
other LAN or WAN wireless technologies can be used. 


The transmitter provides integrally mounted sensing elements that can be 
installed and removed from the vessel 3 with out affecting the sides or bottom 
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of the vessel 3. The individual pressure sensor 7, level sensor 5 and 
temperature sensors 49 are combined into one measurement device. 
Installation is similar to traditional top mounted mechanical/electronic 
instruments. Measurement devices mounted on the side or bottom of a tank 
5 are eliminated. The inventory measurement openings in the vessel 3 are 
reduced to one helping to eliminate potential emissions or leakage sources. 


